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To examine the role of the NH*-terminal  region of
the 402.residue-long  o-1,4-galactosyltransferase  (~3-
1,4-GT),  a series of mutants and chimeric cDNA  were
constructed by polymerase  chain reaction and tran-
siently expressed in COS-7 cells, the enzyme activities
were measured, and the protein was localized in the
cells by subcellular fractionation or indirect immuno-
fluorescence microscopy. We showed earlier that the
deletion of the amino-terminal cytoplasmic tail and
transmembrane domain from GT abolishes the stable
expression of this protein in mammalian cells (Masi-
bay, A. S., Boeggeman, E., and Qasba, P. K. (1992)
Mol. Bid. Rep. l&99-104).  Further deletion analyses
of the amino-terminal region show that the first 21
amino acids of 0-1,4-GT are not essential for the stable
production of the protein and are consistently localized
in the Golgi apparatus. In addition, analysis of hybrid
constructs showed that residues l-25 of a-1,3-g&a-
tosyltransferase  can functionally replace the @-1,4-GT
amino-terminal domain (residues l-43). This fusion
protein also showed Golgi localization. On the other
hand, the a-2,6-sialyltransferase/&1,4-GT  fusion pro-
tein (a-2,6-ST/&1,4-GT)  neededadditional COOH-ter-
minal  sequences flanking the transmembrane domain
of the a-Z&ST  for stability and Golgi localization.
Substitution of Arg-24, Leu-25, Leu-26, and His-33 of
the B-I&GT  transmembrane by Ile (pLFM)  or substi-
tution of Tyr by Ile at positions 40 and 41  coupled with
the insertion of 4 Ile residues at position 43 (pLB)
released the mutant proteins from the Golgi and was
detected on the cell surface. Our results show that (a)
the transmemhrane  domains of o-1,4-GT, a-1,3-gal-
actosyltransferase,  and a-2,6-ST, along with its stem
region, all play a role in Golgi targeting and participate
in a common mechanism that allows the protein to be
processed properly and not be degraded in uiuo; (b)
increasing the length of the transmembrane domain
overrides the Golgi retention signal and directs the
enzyme to the plasma membrane; and (c) the length of
the hydrophobic region of the transmembrane domain
of 8-1,4-GT is an important parameter but is not suf-
ficient by itself for Golgi retention.

The carbohydrate moieties of glycoproteins serve a broad
range of biological roles from cell adhesion and targeting of

lysosomal hydrolases (l-7) to morphological differentiation
and metastases  (8-12). This variety is believed to be governed
by the differential expression of the many glycosyltransferase
genes (1, 2, 9, 13, 14). Much is known about the biosynthetic
pathways of these carbohydrates (15), but it is only recently
that we are beginning to get a better understanding of the
molecular regulation, subcellular organization, and targeting
of the glycosyltransferases.

Several of the glycoslytransferases have been cloned to date
(for a review, see Ref. 9), and they all share a common
structural topology: a 6-24.residue-long  NHz-terminal cyto-
plasmic tail, a 16B-amino acid signal/anchor region, an
extended stem structure, and a large COOH-terminal catalytic
domain. It has been postulated that the Golgi retention signal
for the glycosyltransfeerases  would reside in the cytoplasmic
or membrane-spanning region (IL?), but sequence comparison
of the glycosyltransferases cloned to date show no obvious
putative Golgi retention signal in their transmembrane do-
main. Each glycosyltransferase is grouped according to the
enzyme’s donor substrate and the formation of a specific
linkage; for the P-1,4-galactosyltransferase (P-I&GT),‘UDP-
galactose is the donor substrate that is linked to N-acetylglu-
cosamine (GlcNAc) to produce N-acetyllactosamine with a 8.
l&glycosidic  linkage (9, 14, 15). The &l&GT  has been
localized by immunoelectron microscopy to the trans-cister-
nae  of the Golgi (11,  KS), but there have also been a number
of reports on the cell surface expression of @-1,4-GT (19-25).
In addition to the membrane-associated forms of P-1,4-GT,
active soluble forms of the enzyme exist in several body fluids
such as milk, colostrum, and serum (26).

The intracellular transport and targeting of proteins from
their site of synthesis to their correct destination is a process
instrumental to the maintenance of cellular integrity. Accord-
ing to the current bulk flow model (27, 28),  both plasma
membrane and secretedproteins, which have a signal or leader
sequence, follow a similar transport pathway through the cell
(29, 30). The proteins are retained at points along the way
via a retention signal (18, 31-36). The bovine P-1,4-GT full-
length cDNA has been expressed (37, 38) and found to code
for a fully functional enzyme. We recently showed that the
transmembrane segment of o-1,4-GT  may play a role in the
stable expression of the protein (39). Since P-I,4-GT  is de-
tected both in the Golgi and on the cell surface, we wanted to
determine which parameters play a role in the sorting/reten-
tion machinery. We have constructed amino-terminal dele-
tion mutants, produced chimeric proteins, and used site-
directed mutagenesis to demonstrate that (a) the presence of
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the transmembrane domain is essential for the stable expres-
sion of glycosyltransferases in mammalian cells, (b) trans-
membrane domains of glycosyltransferases are exchangeable,
and (c) increasing the length of the hydrophobic membrane-
spanning region of 8-1,4-GT  releases the protein from the
Golgi and is transported onto the plasma membrane.

Reagents such as  restriction endonueleases,  T4 DNA ligase, T4
polymerase,  and Taq  polymerase  were purchased from Boebringer
Mannheim  and Perkin-Elmer  Cetus  Instruments and were used ac-
cording to the man”faet”rers’  directions. Oligonueleotide  primers
were synthesized by Genosys, The Woodlands, TX. [‘*P]dCTP  (3000
Ci/mmol)  and UDP-[3H]galacto~e  (20 Ci,mmolj were obtained from
Amersbam  Corp.. Cell culture reagents were obtained from either
Whittaker  Bioproduets  or GIBCO.  Rhodamine-conjugated and flue-
rescein  isothioeyanate~eonjugated  goat anti-rabbit IgG were pur-
chased from Organon Teknika  Corp., West Chester, PA.

General  DNA  Recombinant  Techniques  and Comtruetion  of Ml&
cants-Plasmid preparation, re~trietion  endonuclease  digestions, ,i~
gations,  kinase reactions, pbosphatase  treatment, end-labeling of
DNA fragments, screening of bacterial colonies, and Northern blot
analysis were carried out as described by Ausubel  et oi (41). The
following primers were synthesized by Genosys. 1) NH,-terminal
deletion mutants: GTI (GGACTAGTCCACCATGAAGTTTCGGG
AGCCGCTCCTG;1M14,GGACTAGTATGCCGGGCGCGTcccT
GCAGCGG:lMZ,GG~CCACCATGGCCTGCCGCCTCC
TCGTGGCTi1M43,GGACTAGTATGGCCGGCCGAGACCTAAG
ACGC;CLI,TCCAAGGCCACTTTAGCCACCAGCGGCCGC;and
CIA T’TACTTGGATTAGGAGTCTCCATCCTTAAGCC. 2,  u~1,3~
GT: BRI-3A. GGUATGAATGTCA;  BL1-SB,  TCATACTT
ACAGTTTCCTTTTCACTAAGACAGTTACG;BRlMC,ATTCTG
TCAATGCTGGTTGTCTCAACTGTCATTGTTGTGTTTT;and
BLI-3, TAACAACACAAAACCCTTATATAGCGGCCGGCTT.  3)
a-WST:  RR2-GA,  GGmATGATTCATAm  RI.-
6B.CTAAGTATGGTTGAACTTCTTTTTCAAGTCGGAGAAGT
AGGAC;  RR2-6C,  CTCTTCATCCTGGTCTTTCTCCTGTTCGCA
GTCATCTGTGTTT: and RL2-6,  CAGTAGACACAAACCTTCTT
TCCMTT.  2-GQTCAGTAGACACAAACCTTCTTTCCGT
CGCTGAI”FCTC;  2-6STSA, GAAGCGACTATCAGGCCCTTACA
CTGCAAGCCAAGGAA; and 2-GE, GAATGTGACGTTCGGTTCC
TTAAGGTCTACCCGCCGGCTCTC.  4) 6.1.4.GT  transmembrane
mutants: GTIB, CTC CTGEXGGACCCGCCGTCACGGCGCTACG
GCCCGCGCAGGGACGTCGCCCGGACG: GTICIle,  CAGCGGGC
CTGCatcateateGTGGCTGTCTGCGCCCTGatcCTTGGCGTCACC
CTCGTC;GTID,CAGTGGGAGCAGATAATGGACCGGCCGG
TC;GTIC,CAGCGGGCCTGCCGCCTCCTCGTGGCTGTCTG
CCTGCATCTTGGCGTCACCCTCGTC; and GTUXle,  CAGTGG
GAGCAGtagtagGACtagagtagtagCG~C.

Primers GTI,  1M14, 1M22, and1M4Ywhich  have a SpeI  site
~uderlinedl at the 5’ end, correspond to kleotides  423-446, 462-
485, 486-506,  and W-569  of pLsGT  (37), respectively. The primer
CL1 is complementary to nueleotides  1593-1614  of pLbGT-I near
the EeoRI  site, whereas CL2 is complementary to nucleotides  835-
855  (42). Primer CL1 was used with eltberprimers  GT1, IM14,1M22,
or 1M43 to amplify the sequences from pLsGT  (37) using Perkin-
Elmer Cetus  Instruments’ PCR reagent kit and DNA Thermal C&r.
For done pLbGTMAR,lM14 and CL2 primers were used. Each PCR
product was digested with SpeI  and EeoRl and then subcloned  into
the SpellEcaRI site ofpL2M WI,  which was generated from  pLbGT~
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forms of 8-1,4-GT  were transiently expressed in COS-7  cells,
and the proteins were localized by indirect immunofluores-
cence microscopy and subcell&r fractionation. We analyzed
the function(s) of the membrane~spanning  domain either by
sequential deletion of the amino-terminal portion of the mol-
ecule or by replacing the amino~terminal  segment by corre-
sponding regions of other glycosyltransferases. Comparative
protein sequence analysis of the transmembrane domain of
various glycosyltransferases show little homology, but the
domains are always hydrophobic. This suggests that not only
are the specific residues important for its function(s), but so
is the hydrophobicity of the region. To alter the hydropathic
character of the transmembrane region, we introduced hydro-
phobic residues either by substitution or by insertion and
substitution at the amino-terminal and the carboxyl-terminal
ends of the membrane-spanning domain, respectively. Three
conclusions have been derived from this study: 1) the mem-
brane-spanning region is essential for normal processing of
the protein leading to its stable accumulation, 2) to produce
the stable protein, the cytoplasmic and signal anchor domain
of @-l&GT can be substituted by an equivalent domain of CL-
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FG 8. Subcellular  fractionation  of B-l,&GT  activity in

COS-7  cells transfeeted  with site-directed mutants. Extracts
from transfected CO%7 cells were subjected to a sucrose  gradient
eentrifugation.  Fractions colleCted from the gradient were assayed for
galactosyltransferase  activity as pre”io”sly  described.

l&GT,  whereas the cytoplasmic and transmembrane seg-
ment of a-2,6-ST  needs extra sequences, and 3) to target
glycosyltransferases to various cellular compartments, the
hydrophobic length of the signal anchor domain, in addition
to specific residues, may contribute significantly to the intra-
cellular transport (sorting/retention signal) machinery in the
cell.

Although there is ample evidence to show that the trans-
membrane region of 8-1,4-GT  contains a Golgi retention
signal (50-52),  it is still not clear what the requirements and
the exact mechanism(s) needed for the retention machinery
are. Our previous (39) and present studies indicate that not
only is the membrane-spanning region of 8-WGT  important
for Golgi localization, but it is also essential for stable accu-
mulation in COS-7 cells. As shown by Western blot analysis
(Fig. 3) and indirect immunofluorescence  experiments (Fig.
5),  the entire transmembrane domain must be intact for
proper processing of the protein leading to its accumulation
within the Golgi. Disruption of the first 5 amino acids of the
membrane-spanning domain causes the recognition machin-
ery either to shunt the protein somewhere else OI  to retain it
and then initiate its degradation, i.e. without B proper signal
anchor, the protein does not enter the secretory pathway.
This hypothesis is supported by the fact that the membrane
spanning region of another transferase,  a-1,3-GT, can replace
the corresponding region of 0-1,4-GT  and produce a stable
protein. It is also possible, as speculated earlier (39),  that
attachment of a signal peptide  to pLbGTd43 would have
produced a secreted protein similar to w2,6-ST  (16).

The construct, pL2,&bGTd43,  which contains the menu
bran+spanning  region of a-2,6-ST, but lacks its flanking neck
region, did not produce any stable protein. Once the flanking
neck region is restored (pL2,  6S-bGTd43),  the protein accu-
mulates  in the Golgi (Fig. 5). Our results regarding the im-
portance of the neck region of a-Z&ST  in protein stability
and in the targeting of the protein to the Golgi are consistent
with the observations made by others (53-55). It, however,
remains to be determined why the fusion protein from the
chimeric construct does not accumulate in the absence of the
neck region. The sorting/retention machinery may distin-
guish the signals between u-2,6-ST  and &1,4-GT transmem-
brane region. Instead of receiving a distinct signal, the mem-
brane-spanning region of a-2,6-ST without its neck region
may cause  the protein to be tagged as an unfolded molecule
or may induce a conformational change that accounts for the
instabilityofthepLZ,&bGTd43  fusion protein. The difference
in the requirements of the transmembrane region of galacto-
syltransferase and sialyltranferase  for Golgi retention, ob-
served by us and by others (53-55),  may reflect already known
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differences in the subcellular localization of these enzymes in
the trans.Golgi. It is possible that there may be a set of graded
retention signals involved in trans.Golgi  retention. Further
studies involving immunoelectron  microscopy will delineate
whether such graded sets of retention signals actually exist
within the trans.Golgi  subcompartment(

The possibility that the hydrophobic nature of the trans-
membrane domain of glycosyltransferases may influence the
retention machinery that is operating in uiuo prompted us to
analyze the hydropathic nature of the transmembrane domain
of several integral membrane proteins. These analyses suggest
that the hydrophobic length of the transmembrane is one of
the contributing factors for sorting of these proteins. Com-
parison of the hydropathic profile of the membrane-spanning
domain of plasma membrane proteins with those of Golgi
proteins show that the former has, on the average, a hydro-
phobic length longer than the latter (Fig. 6, Gd versus A-F).
Increasing the hydrophobic length of the transmembrane
domain by substituting and/or inserting IIe  in this region
causes a shift in the localization of Golgi B-1,4-GT  mutants
toward the cell surface (Figs. 8 and 9),  indicating that it was
sufficient to override the retention signal, thus releasing the
protein from the Golgi. Go@  retention was partially lost in
the mutant pLB,  where the amino-terminal half of the mem-
brane-spanning domain (which has within it Cys-29 and His-
33) was kept intact while mutating the carboxyl-terminal end
of the transmembrane domain. Although Cys-29 and His-33
have been shown to be critical for Golgi retention (52),  there
may be other parameters that influence the retention/sorting
machinery. The carboxyl-terminal half of the transmembrane
domain of human GT (residues 38-47), which does not con-
tain Cys and His, has been shown to be sufficient for Golgi
targeting (50). This would be consistent with the observation
that simply substituting a Cys and a His residue in the
corresponding positions of the transmembrane domain of the
transferrin  receptor, a plasma membrane protein, does not
cause the cell surface-bound protein to be retained in the
Golgi (52). It has been found that a chimeric protein between
lysozyme,  a secretory protein, and the u-&&ST  transmem-
brane domain can be targeted to the Galgi by replacing 16
residues of this transmembrane region with 11 Leu residues
(53). Increasing the hydrophobic length of this transmem-
brane region by adding 6 more Leu residues resulted in the
protein being targeted from the Golgi to the plasma mem-
brane. A similar strategy with averse  consequences has been
reported earlier (56),  whereby the influenza virus neuramini-
dase,  a plasma membrane protein, accumulated in the Golgi
and RER when the hydrophobic length of the transmembrane
region was reduced. This was accomplished by replacing the
hydrophobic residue with a charged residue. The increased
hydrophobicity  of the transmembrane domain may allow it to
hydrophobically interact with other proteins and lipids and
possibly form vesicle scaffolding that may be a part of the
sorting machinery that transports plasma membrane-bound
proteins. By increasing the hydrophobic character of the
transmembrane domain of fl-1,4-GT  or u-Z&ST,  one also
increases their ability to oligomerize, which may help ensme
their transport to the plasma membrane instead of the Golgi.
The transmembrane region of P-1,4-GT  or other glycosyl-
transferases  may contain signals that specifically direct the
movement of the protein along the exocytotic pathway and
allow it to be retained in their respective locations in different
subcompartments of the Golgi apparatus, and this signal can
be overcome by increasing the hydrophobic character of the
transmembrane domain. Local alterations of the transmem-
brane structure might also disable this signal, thereby pre-

venting transport of the complete molecule to its normal
destination. The importance of chain length and hydropho-
bicity of transmembrane domains in protein-membrane inter-
action is definitely something that needs to be addressed in
the cellular targeting of glycosyltransferases. There are indi-
cations that the lipid bilayer may not have a constant thick-
ness and that differences in the fatty acid composition of the
lipid bilayer contribute to the varying thickness of the mem-
brane in different parts of the cell or organelle  structures (57,
58). One can envision that the interaction between a thicker
lipid bilayer and the transmembrane domain of a protein will
be greater when the latter has a longer and more hydrophobic
character. This will facilitate the movement of the protein
toward the cell surface via the bulk flow mechanism. On the
other hand, if Golgi or endoplasmic reticulum membranes are
thinner, the transmembrane region of a protein that is of a
shorter hydrophobic length than that of plasma membrane
proteins may result in more favorable interactions. The spe-
cific residues may subsequently be critical for the retention
pIOCBS3.

The question still remains as to how the cell targets the
wild-twe a-1.4.GT to the cell surface without mutation. Our
result&~albng’with  others (50-52)  rule out the possibility that
the 13 residues before the second Met are responsible for the
differential targeting, as has been suggested by some (49). We
favor the hypothesis that the sorting signal is within the
transmembrane domain itself. The presence of &1,4-GT on
the cell surface has been associated with certain cell states
such as cell growth and differentiation (10, 11, 19-Z),  in
which the cell responds to a stimulus and undergoes drastic
changes. It is quite possible that during one of these changes
a post-translational event occurs that increases the hydropho-
bicity of the transmembrane region that overcomes the Golgi
retention signal of @-1,4-GT.  Fatty acylation is a recently
discovered post-translational modification and is suspected
to have some involvement in membrane targeting (59, 60).
Palmitate  is usually attached to Cys residues via a thioester
bond, and the P-1,4-GT  has B Cys within the transmembrane
domain and another one very close to the NH*-terminal side
of this region. Palmitylation  of integral membrane proteins
has been proposed to be involved in protein-protein and/or
protein-lipid interactions within membranes, possibly by in-
fluencing protein folding or protein orientation (61, 62). In
this light, it is interesting to point out that the a-Z&ST  also
has a Cys within the transmembrane domain, and this gly-
cosyltransferase has been detected on the cell surface of
stimulated B cells (4).
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